We study the interaction between electromagnetic waves and bulk excitation modes of planar-bound electrons (bulk plasmons), excited by lightning or seismic activity, employing the electromagnetic hydrodynamics. By calculating the transition probability in the first order perturbation theory, it is shown that bulk plasmons are transformed into electromagnetic waves with the assistance of surface roughness.
Introduction.
Many reports' 3) have been made on the observation of pre-seismic electromagnetic waves in the air and under the ground in a wide range of frequency from LF, MF to HF-Band. However, it has not been made clear why such electromagnetic waves could be generated. Even if electromagnetic waves are emitted from around seismic focus before the main shock at depth, it is difficult for them to propagate to the air because of energy dissipation. Here we propose a model that may explain the production mechanism of electromagnetic wave with relatively high frequencies.4~ Collective excitation modes (bulk plasmons) of electrons are excited by the huge number of exo-electrons from stressed rocks around seismic focus before the main shock and these plasmons are sequentially transformed into electromagnetic waves assisted by surface roughness of the ground. We first consider the existence of electrons, and then collective oscillation modes of planar-bound electrons are discussed. Although Ritchie and Wlems5~ already studied the interaction between surface plasmons and photons via surface roughness, there has been no discussion of the interaction between bulk plasmons and photons via surface roughness. Finally, we calculate the transition probability using the first order perturbation theory from the state a 10 > (only one plasmon is excited) to the ground state (1) Structure of the earth's uppermost layer ( Fig. 1) : The earth's uppermost layer consists of rocks and aqueous electrolytes: The aqueous electrolytes are contained in the pore spaces of rocks. Recently the spatial distribution of the pores studding the crust has been studied.5~
(2) Production mechanism of electrons ( Fig. 1) : Wakita et al. have observed dense hydrogen gas in soil in and around active faults.7~ Although the production mechanism of the hydrogen gas is not clear at the present time, it would in someway be associated with the activity of the faults. So we suggest the production mechanism of electrons in the uppermost layer as follows. The hydrogen gas produced by active faults diffuses into rocks and reaches the boundaries between rocks and aqueous electrolytes. At the boundaries, the hydrogen gas dissolves into the aqueous electrolyte, leaving the electrons in the rock as if the boundaries play a role similar to platinum in the hydrogen oxygen fuel cell. As a result, electrons are produced in the rocks. Fig. 2) : In an insulator crystal with defects, an embedded electron is bound around the defects. When the concentration of defects exceeds some critical value, the wave functions of bound electrons around defects overlap, and a new energy band contributing to conduction is formed, which is called the impurity band.8 Moreover, the relaxation time of the electrons is considerably long. In the same way, it would be possible that if some impurities are embedded into the cluster of silicon dioxides in rocks, electrons produced in the way explained in (2) are bound around the impurities and their wave functions overlap. As a result, electrons could move in more extended regions than in the case of no impurities.9) The bound electrons would be treated as free electrons hereafter. In an electron gas model, assuming that the density of electron is about 10151022 ~~_ 1(v ~_ e nA) 2 _ m + 1 n dp(n') [2] c at c at c me
H at me [4] where m, e, c, 0, A, n, l and p (n) indicate the mass of electrons, the charge of electrons, the light velocity, the scalar potential, the vector potential, the hydrodynamic electron density, the stationary and uniform background density of charge by heavier particles, which do not contribute to collective excitations, and the pressuredensity relation of the electrons, respectively. The velocity potential is given by -Vyr = v-eAlmc. The electromagnetic vector and scalar potential are related to the electromagnetic wave amplitudes by E = -aA /cat -VO and H = V x A The Coloumb gauge V . A = 0 is chosen here. From these equations, the Hamiltonian5)"° becomes
The interaction between the electromagnetic wave and the electrons will be treated in the next section. In this section, we concentrate our attention on the dynamics of the electron gas and neglect the influence of the electromagnetic wave. Therefore we set A = 0. In order to linesrize the eqs. [1] - [3] , we set n (r', t )= n0(r" ) + ~n1(r"", t ) +~2 n2(r, t )+ ... [6] [7] For simplicity, we employ the uniform density no in eqs.
[9]-[1 1 ] instead of the static charged particle density no(r) (the zeroth order term in 2 in eq. [6] ) in the region z>0 (Fig. 4) .The electrons are assumed to be bound by an impenetrable barriers at the plane z = 0 and z = L12. The Hamiltonian corresponding to eqs. where wp = (4;ir no e21 m)1/2 is the plasma frequency and J3 = (5 no2/3/3m)1/2 means the propagation speed of a hydrodynamic disturbance in the electrons. Here we impose two conditions on the hydrodynamic density n1(r, t). The first condition is that the time dependence of n1(r, t) is given by exp (-iwB t), where WB is defined by c (x, p) = w1 + $2(K2 + p2); K and p are the wave number parallel and perpendicular to x-y plane, respectively and K= I k I is the magnitude of the wave number x. The second condition is that we assume impenetrable barriers at z = 0 and z = L12, where L is the length of the system considered and n1(r, t) is set to zero at the impenetrable barriers. The hydrodynamic density n1(r, t) that satisfies these two conditions is written as n 1(r,t) = 2 L3 p K t ) e Kpsin pz [14] where p = (x, y). obtain n1(k,p,t)n;(x,p~t)+wB(K,p)nl(x,p,t)n1(k,p~t) [19] This Hamiltonian expressed in terms of the electron density corresponds to Tomonaga11 and Bohm and Pines.l2) Another Hamiltonian expressed by the dis- 
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The interaction between bulk plasmons and EM waves 193 placement potential7~ was also proposed. When we derive eq.
[19], the exponentially decreasing terms contained in and in yil (r, t) are neglected, because these terms rapidly decrease and there are almost no contributions to the Hamiltonian. For further discussions, we should deal with more exact boundary conditions of the density n1(r, t). If we take into account the boundary conditions exactly, it will be clarified that entangled states, which consist of both surface and bulk plasmons, appear in the proximate of the boundary. We rewrite the Hamiltonian in canonical form by introducing the next relations 6) nl(x,p, t) =NI d, +d*;~]
[20]
where N~ is the normalizing factor. The normalizing factor can be determined from the Hamiltonian in canonical form from eqs. Electromagnetic waves. For simplicity, an electromagnetic wave, incident normally from z>0, will be treated classically hereafter. The incident electromagnetic wave is described by a solution to eq. [2] with o1(r, t) and v'1(r, t) set equal to zero and n1(, t) set equal to n° in the region z>0 and zero in the region z<0. Thus the electromagnetic wave whose frequencies are higher than wp becomes A =x Ale +A2e +C.C. }12 (z>0) = X{B le-~~p z +`' + C. C. }12 (z <0) [26] where x is the unit vector in x-direction, A1, A2 and B1 are constant values and real, C. C. means complex conjugate, and q'2=w2/c2 and p'2 = (w2 -w2)/c2, derived by eq.
[2] with 0 = 0 and i i = 0. The relationship between A1, A2, and B1 is determined by the condition of the continuity of the tangential components of the vector potential across the boundary. Photon-bulk plasmon coupling. The interaction Hamiltonian H RP5) in the first order of is given by the cross term contained in the fourth term in eq. [5] and we obtain HPR = -e d 2rno (r) A oil.
[27]
Let us consider the transition probability from the bulk where the rate of inhomogeneity is defined by f (~, z) = no(p, z) l no.
[29]
When n°(p, z)/F is constant, the rate becomes zero and an electromagnetic wave is not emitted. On the other hand, when n°(p, z)ln° changes in space, the rate becomes finite and electromagnetic wave will be emitted. The first condition, n°(p, z)ln~ is constant, corresponds to such a system that the charged particle density is homogeneous and the surface is flat. The second condition, n0(p, z)Ifi changes in space, corresponds to systems that (a) the electron density is inhomogeneous and the surface is flat or (b) the electron density is homogeneous and the surface is rough. The rate of inhomogeneity is set in each case as (a) f (r) = eiG p9(z ) + C C. and (b)f(, pz) = O(z-S(p)). Here we consider the case of (a) for simplicity. In this work, we neglect complex processes such as the inter-band transition, the absorption of photons by surface-plasmon, and so on. The maximum plasma frequency ranges from 108 [cm 3] to 1O'0 [cm 3] for the electron.4~ So, we roughly obtain ;lc2 0. From the dispersion relation of the electromagnetic wave inside and outside the electrons, i.e., q'2-p'2= co Ic2, we can put p' = q'. When we assume energy of the electromagnetic wave is coh, the normalizing factor of the electromagnetic wave is given by 2 tic A 2=B1= coL3 , Al=0.
[30]
In this condition, we finally obtain the transition probability as 2 Yic, p -,.2 wB 2 Kx 26(w-(p))(, cog
associated with the longitudinal plasma waves (bulk plasmons) decay. We apply this result to the case of electromagnetic wave emission from the ground. Under our assumptions, the transition time, the reciprocal of the transition rate, ranges from 10-20 [s] to 10-12 [s] for the electron. This transition is allowed because bulk plasmons get some momentum from inhomogeneity of the electrons and both the energy conservation law and the momentum conservation law are satisfied. If the surface is smooth, this transition can not occur because the momentum conservation law is not satisfied. This process may be similar to the phonon-phonon scattering in crystal. Phonons can obtain the arbitrary crystal momentum in the scattering (Umklapp process). Our result may be relevant to researches on electromagnetic noise of high frequency range before strong earthquakes and relationship between luminous phenomena and strong earthquakes.
We assume that the plasma frequency ; ranges from 108 [s'] to 1010[s'] for the electron, which may be in accordance with that of the earth's uppermost layer but is considerably lower than that of metal.4~ The corresponding wave length A, of the electromagnetic wave is of the order of 10-3.10-' [cm]. In addition, x-and y-components of the reciprocal vector are set Kc = xc = Gx = Gy = 10-3 _ 103 [cm'] which may be coincident with the scale of roughness of the earth's surface. We finally obtain the transition rate y= 1012 1020 from these quantities. Therefore, the transition time, the reciprocal of the transition rate, ranges from 10-20 [s] to 10-12 [s] .
Results and discussion. The Hamiltonian describing an electromagnetic wave coupled with planar bound-electrons is given and the interaction between the electromagnetic wave and the bulk plasmon is shown in the first order perturbation. As a result, it is made clear that if there is inhomogeneity in a planar-bound electrons, for example a rough surface, transverse electromagnetic waves (photons) are emitted from the surface,
